Spinal shock has been of interest to clinicians for over two centuries. Advances in our understanding of both the neurophysiology of the spinal cord and neuroplasticity following spinal cord injury have provided us with additional insight into the phenomena of spinal shock. In this review, we provide a historical background followed by a description of a novel fourphase model for understanding and describing spinal shock. Clinical implications of the model are discussed as well.
Introduction
Depressed spinal reflexes caudal to spinal cord injury (SCI), defined as spinal shock, have intrigued clinicians and researchers for more than two centuries. Despite this history, the etiology and significance of spinal shock remain controversial. In this review, we revisit spinal shock from a fresh perspective, extrapolating from the vast outpouring of basic neuroscience research, in an attempt to explain clinical observations of spinal shock. We begin with a historical background, postulate a novel four-phase model of spinal shock (see Table 1 ), and then conclude with a discussion of future research questions and possible treatments to improve clinical outcomes. By understanding spinal shock better, we can gain insight into the neuronal changes that occur distal to SCI and how to potentially improve outcomes by modulating the process.
Historical perspective
The definition is controversial In 1750, Whytt first described the phenomenon of spinal shock as a loss of sensation accompanied by motor paralysis with gradual recovery of reflexes. 1 He did not use the term shock nor was the anatomical basis for reflexes understood at the time. Hall 2 later introduced the term 'shock' in 1841:
If, in a frog, spinal marrow (cord) be dividedy for a very short time no diastolic actions (reflexes) in the extremities (are present, then) the diastolic actions (reflexes) speedily return. This phenomenon is shock.
He also used the term 'reflex arc' to describe reflexes. 2 Hall was therefore the first to use both the terms 'spinal shock' and 'reflex arc' and to link the two phenomena. 3 Since Hall's description 150 years ago, the implications and physiologic basis of spinal shock have been a source of ongoing debate and discussion. Several recent editorial comments 4, 5 and articles 6, 7 have criticized the term as being a source of confusion. Atkinson and Atkinson 6 point out that hypovolemic shock and spinal shock are frequently confused and this can lead to serious mismanagement 4 as the former requires fluid replacement and the latter vasopressors. The physiologist Sherrington 8 also recognized the potential for confusion in his description of 'shock' and distinguished between circulatory shock and spinal shock.
In some forms of the clinical condition, circulatory disturbances and inspissations of the blood play a part in 'shock,' but, as understood by the physiologist, 'shock' is primarily a nervous conditiony I myself, mean by the term the whole of that depression or suppression of nervous reaction, which ensues forthwith upon a mechanical injury of some part of the nervous system, and is of temporary nature.
There continues to be a lack of consensus on the clinical symptomatology that defines the duration of spinal shock. Some clinicians 9, 10 interpret spinal shock as ending with the appearance of the bulbocavernosus reflex within the first few days of injury. Others 11, 12 state that it ends with the recovery of deep tendon reflexes (DTRs), which in complete human SCI may not reappear for several weeks. 7 Still other clinicians define the resolution of spinal shock as the return of reflexive detrusor function months following injury. Sherrington 1, 8 felt that 'noci-ceptive' (polysynaptic) reflexes were depressed for a shorter duration than monosynaptic DTRs. Guttmann 13 repeated Sherrington's observations that all reflexes are initially depressed, but added the qualification that some cutaneous (polysynaptic) reflexes are unaffected. Sherrington 8 stated in his Croonian Lecture that the duration of spinal shock is a matter of definition:
How long the phenomena of shock may last at longest is a question on which very different views are held. Goltzy (believes)yshock may persist for months, even years. It is merely a matter of nomenclature. Iy(believe that)yshock does not at longest persist for more than a few days.
If the duration of spinal shock is defined by the initial recovery of any reflex, then it probably lasts no longer than 20 min-1 h. 1, 8 If, however, spinal shock is defined as an absence of DTRs, an interpretation that persists today, then its duration is several weeks.
11,12
Time course and pattern of reflex recovery Illis 14 stated that without a description of reflex recovery the current definition of spinal shock as an absence of all reflexes was meaningless. Ko et al 7 prospectively studied reflex recovery in 50 subjects admitted within 24 h following SCI. These authors refer to spinal shock as a state 'of altered appearance of cutaneous and deep tendon reflexes and the emergence and at times disappearance of pathological reflexes over days and weeks'. The study emphasizes the importance of the evolution of reflexes and the relationship of the delayed plantar response (DPR) to prognosis. Based on observations of injured soldiers during World War I, Guillain and Barre 15 were the first to describe the DPR in humans. They stated that it develops within 1-6 h following severing of the spinal cord.
The DPR requires an unusually strong stimulus applied by stroking with a blunt instrument upward from the heel toward the toes along the lateral sole of the foot continued medially across the volar aspects of the metatarsal heads (3rd, 4th and 5th digits). After the stimulus is applied, the onset of the plantar flexion response of the great toe and/or other toes is always delayed.
Sherrington did not mention this reflex in his most cited work, 1 but described a response in monkeys that has many similarities. 8 'for about 20 minutes afteryseverance, neither by mechanical, thermal, nor electrical excitation of the skin innervated from below the point of severance, can any reflex movement at all be elicited'.
'After the brief interval certain skin reflexes begin to appear; almost always earliest is the adductionflexion of the hallux, elicitable by stimuli applied to the 3rd, 4th, or 5th digits (plantar surface or sides), or to the skin of the sole, especially on the fibular side'.
The DPR is generally the first reflex to appear and can often be observed in the emergency room. 7 The persistence of the DPR beyond 7 days is associated with severe SCI and a poor prognosis for ambulation. Following the appearance of the DPR, reflexes tend to return in the following sequence: bulbocavernosus (BC), cremasteric (CM), ankle jerk (AJ), Babinski sign, and knee jerk (KJ) ( Table 2) . 7 The general pattern of recovery appears to be cutaneous (polysynaptic) reflexes before DTRs 7 rather than the caudal to cranial recovery proposed by Guttmann.
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A new paradigm of spinal shock Previous descriptions of spinal shock require clarification for two reasons: (1) not all reflexes are uniformly abolished in humans, since some reflexes are often only depressed and can be elicited, and (2) spinal shock does not resolve abruptly but rather in a series of phases extending over days to weeks to months. Illis 14 suggests spinal shock cannot be adequately described unless it is divided into phases: 'the first phase of spinal shock (depression of reflexes)y withdrawal of impulses from descending tractsy (is not) acceptable unless it includes the second phaseyreturn of reflexes in an altered form'. The resolution of spinal shock merges with the appearance of hyperactive spinal reflexes. Therefore, to understand spinal shock we must also understand the neuronal processes that mediate spinal hyper-reflexia. This review focuses on the spinal cord caudal to injury, specifically the spinal neurons isolated from descending excitatory and inhibitory input. Isolated neurons do not lose all synaptic inputs; they retain synaptic contacts from reflex afferents and interneurons and they may acquire new contacts from sprouting neurons. 16, 17 For simplicity, we focus our discussion of spinal shock on clinically complete SCI. The model consists of four evolving phases for which we provide clinical and physiological descriptions (Table 3) . Through a better understanding of the underlying mechanisms of spinal shock, we may be able to offer novel interventions that facilitate recovery. Clinical description 0-1 day The first phase of spinal shock occurs from 0 to 24 h postinjury. Caudal to complete SCI, DTRs such as the AJ and the KJ are initially absent, and muscles are flaccid and paralyzed. During this period, cutaneous (polysynaptic) reflexes such as the BC, the AW, and the CM begin to recover. Thus, the absence of all reflexes is uncommonly observed during the initial 24 h if a careful neurological examination is performed. 7 A pathologic reflex, the DPR, is usually the first reflex to return and can be observed within hours of injury. 7 In most cases, it is transient and disappears within several weeks. The DPR requires an unusually strong stimulus, in contrast to the Babinski sign or normal plantar response, and is elicited by stroking a blunt instrument upward from the heel toward the toes along the lateral sole of the foot and then continuing medially across the volar aspect of the metatarsal heads. In response to the stimulus, the toes flex and relax in a delayed sequence. Ko et al 7 found that the DPR occurred in 22/31 cases during this period. 7 It is at times robust with full excursion of the toes in flexion. In complete injuries, the BC can occur simultaneously (16/ 31) with the DPR, but it often lags behind and may not be evident for several days. The cremasteric reflex is seen in approximately 1/3 of subjects (6/20) in the initial phase.
Bradyarrhythmias, atrioventricular conduction block, and hypotension occur following cervical lesions due to impaired sympathetic innervation in the setting of preserved cranial nerve (vagus) mediated parasympathetic function. Stimulation of the bronchi by aggressive suctioning of secretions can result in bradyarrhythmias or conduction block. Although the exact duration from injury to resolution of autonomic abnormalities is not well documented, it is our experience that they persist through Phases 2 and 3.
Physiology 0-1 day: spinal neuron hyperpolarization Spinal motor neurons and interneurons receive continuous background excitatory input from supraspinal axons, due in part to the waking state and vigilance. Voluntary movement is superimposed on this background excitation. Following SCI, background excitation is lost and spinal neurons become less excitable; this is likely the primary cause of reflex depression during spinal shock. A similar reflex depression can be created transiently by blocking spinal axon conduction via procaine injection into the thoracic cord or cooling; 18 the hyperpolarized lumbar motor neurons and interneurons then respond less vigorously to segmental reflex inputs. Clinically, this is the hyporeflexia of spinal shock.
Supraspinal inputs mediating background excitation are multiple and likely include vestibulospinal and reticulospinal pathways among others. Hyporeflexia is observed with lesions below the mid-pons level; lesions above this level produce decerebrate rigidity. Serotonergic (5-HT) neurons of the raphe nucleus and noradrenergic (NE) neurons from the locus coeruleus may contribute much of this basal excitatory input.
19,20 5-HT and NE act on spinal motor neurons yielding plateau potentials, which may amplify excitatory inputs including reflex inputs. [21] [22] [23] Plateau potentials originate on dendrites and amplify excitatory inputs up to six-fold, thus leading to sustained firing with minimal excitatory input. 24 This effect may be due to prolonged activation of Ca 2 þ channels. Other mechanisms may also contribute to spinal shock. Gamma-motor neurons regulating tension of muscle spindles may fire subliminally to maintain background excitability in muscle spindles; 25, 26 caudal to SCI, gamma-motor neurons may lose tonic descending facilitation, resulting in reduced muscle spindle excitability and less segmental input to motor neurons by stretch reflex afferents. Depressed reflexes may also be due to increased spinal inhibition. 27 Although many descending pathways are excitatory, some are inhibitory. Cord transection may reduce normal descending inhibition to spinal inhibitory pathways, which could then contribute to the depression of spinal reflexes. 28 Later, metabolic or structural changes in spinal neurons could contribute to reflex depression. 29, 30 Dendrites of spinal cord neurons retract and many synapses degenerate within 1-3 days following SCI. 31, 32 Dendrite retraction and synapse loss in the isolated caudal cord likely reflects impaired release and uptake of neurotrophins and growth factors in hypoactive spinal neurons. 31, 32 The hyporeflexia of spinal shock, however, appears immediately after SCI. So, although metabolic and structural changes may contribute to initial hyporeflexia, these are likely not the primary cause.
Phase 2: initial reflex return (1-3 days)
Clinical description 1-3 days The second phase of spinal shock lasts for 1-3 days postinjury. Cutaneous reflexes (BC, AW, and cremasteric) become stronger during this period. Typically, DTRs are still absent, although the tibial H-reflex returns by about 24 h, 33, 34 perhaps because the H-reflex afferent volley is less dispersed than that of the AJ reflex. 35 In elderly subjects with a complete injury, the DTRs and Babinski sign can occur during this phase. 7 It has been postulated that pre-existing subclinical myelopathy might contribute to early reflex recovery in older individuals. 7 In support of this, animal studies have shown faster recovery of DTRs in the setting of prior upper motor neuron lesions. 36, 37 Interestingly, Guttmann 38 stated that children also begin to recover DTRs as early as 3 days following injury, perhaps because descending supraspinal tracts in children are not fully developed compared to adults, thereby predisposing to relative spinal hyper-reflexia. Physiology 1-3 days: denervation supersensitivity/ receptor upregulation Denervation supersensitivity likely plays a role in initial reflex re-emergence. [39] [40] [41] Such supersensitivity to neurotransmitters, that is, increased neuronal firing in response to neurotransmitter, is well known in denervated neurons of both the peripheral and central nervous systems (PNS and CNS). Denervation supersensitivity occurs in the spinal cord as well as in the brain. [42] [43] [44] [45] [46] Proposed mechanisms of denervation supersensitivity include: (1) reduced excitatory neurotransmitter reuptake, (2) increased synthesis and insertion of Soma-supplied synapse growth via axon transport Synapse growth, long axons and soma supplied 3.
Competitive and activity-dependent synapse growth receptors into postsynaptic membrane, 47, 48 (3) decreased removal and degradation of receptor, 48 and (4) altered synthesis and composition of receptor subunits. [48] [49] [50] All of these could occur quickly and be consistent with reflex change at 1-3 days. Upregulation in mRNA transcription and protein translation begins within hours and peaks in days. 48 An increase in intracellular calcium associated with neuronal hypoactivity may be the trigger for an increase in transcription-translation of receptors, channels, and growth factors. 51 This denervation supersensitivity in spinal neurons is likely, at least in part, a form of 'synaptic scaling', as described elsewhere in central neurons. 48 Increased synthesis of excitatory NMDA glutamate receptors in motor neurons caudal to a SCI is suggested by increased concentration of mRNA for NMDA receptor subunits (both NR1 and NR2A). 49, 52 Increased mRNA transcription of NMDA receptor subunits develops by 24 h and persists at least a month caudal to a spinal injury in the rat. Hypoactivity of spinal motoneurons is sufficient to induce this increase in mRNA -that is, it is 'inactivitydependent'; 50 thus injury to suprasegmental axons is not required. Other receptors (ie serotonin 2A, vanilloid VR1) also increase in density by 1-3 days caudal to spinal cord transection. 53, 54 Such trans criptional/translational increases in neurotransmitter receptors could explain the initial re-emergence of reflexes. Receptor plasticity over 1-3 days post-SCI may underlie re-emergence of cutaneous reflexes in cats and humans, 7, 55 tibial H-reflexes by 24 h in rats and humans, 28, 33, 34, 56 and anal reflexes in rats and humans. 7, 57 Neurotrophins (NTs), other growth factors (GFs), and their receptors (NT-Rs and GF-Rs) also undergo transcription-translation increases in expression by 1-3 days postinjury. This accompanies the transcriptiontranslation increase in neurotransmitter receptors. Selective increases in some factors and receptors are seen in both neurons and glia. [58] [59] [60] [61] [62] [63] The signal that triggers increased expression of NTs, GFs, and NT-Rs and GF-Rs is unknown, 64 but lipopolysaccharides from degenerating axons or cytokine release by glia are candidates, as is spinal neuron inactivity. 65 Administration of NTs and GFs has a range of effects. Some increase synaptic efficacy by increasing NMDA excitability, perhaps by phosphorylating the NR2A subunit of the NMDA-gated ionic channel. 64, 66, 67 Others decrease GABA synaptic inhibition acutely. 64 The enhancement of excitatory synapses and reduction of synaptic inhibition may contribute, along with receptor upregulation, to the emergence from spinal shock by 1-3 days postinjury.
Replacement of synapses is likely too slow to explain early reflex changes at 1-3 days. Although morphological changes have been noted in synapses within hours to days of SCI, 68,69 restored synapses may not be functional until weeks to months after CNS trauma. [70] [71] [72] [73] Thus, early reflex changes are likely to be due to a postsynaptic change such as denervation supersensitivity.
Phase 3: early hyper-reflexia (4 days to 1 month)
Clinical description 4-30 days
The third phase of spinal shock extends from approximately 4 days to 1 month. Most DTRs first reappear during this period, 7 and they are evident in almost all subjects within 30 days. The AJ usually precedes the KJ. 7, 38 The Babinski sign follows the recovery of the AJ very closely. Cutaneous reflexes (BC, AW, and CM) typically have appeared by the end of this period and only 10% of DPRs will persist beyond a month. Despite these general trends, the timing of reflex return is variable even after complete SCI where a uniform temporal course might be expected. Thus, 33% of those with complete SCI develop an AJ by 1-3 days, 11% by 4-7 days, 41% by 8-14 days, and 11% by 15-21 days. 7 Some variability is likely due to differences in reflex excitability among able-bodied subjects. For example, tendon reflex excitability is reduced in ballet dancers, sprinters, and power-trained athletes [74] [75] [76] compared to endurance-trained athletes and untrained individuals. These training effects are similar to the effects of operant conditioning in rats, monkeys, and humans, in which H-reflex amplitude can be increased or decreased over a period of days and weeks. 11 Reflex excitability below a SCI may therefore be affected by pre-SCI experience, 77, 78 causing AJ to return later in a ballet dancer with low tendon reflex excitability than in an untrained individual.
Autonomic function continues to evolve with improvement in vagally mediated bradyarrhythmias and hypotension. Autonomic dysreflexia can begin to emerge. This is usually due to a distended viscus (eg, bladder or bowel) acting as a stimulus causing massive sympathetic outflow below the zone of injury, which is unregulated by supraspinal input. One case report 79 suggested that autonomic dysreflexia may occur as early as 7 days after a complete injury, but the general time course of its development requires further study.
Physiology 4-30 days
Potential mechanisms are discussed in the next section on Phase 4 recovery.
Phase 4: spasticity/hyper-reflexia (1-12 months)

Clinical description
The fourth phase of spinal shock occurs between 1 and 6 months postinjury. The DPR has disappeared in the majority of cases. Cutaneous reflexes, DTRs, and the BS become hyperactive and respond to minimal stimuli. A review of the clinical literature fails to reveal any reported documentation of the course of recovery of detrusor paralysis; however, most clinicians would estimate the time of bladder recovery determined by cystometrogram to be 4-6 weeks. 80 Reports from acute care settings show that vasovagal hypotension and bradyarrhythmias resolve in 3-6 weeks. 81, 82 Orthostatic hypotension as a result of standing a tetraplegia subject, however, may persist for 10-12 weeks or longer. 83 In contrast, the malignant hypertension of autonomic dysreflexia develops by weeks to months and persists indefinitely.
Physiology 4 days-4 weeks: synapse growth, short axons and/or axon supplied; 1-12 months: synapse growth, long axons and soma supplied Below a spinal cord lesion, synaptic endings from axotomized neurons to spinal motor neurons and interneurons degenerate over days and are then replaced by terminal sprouting from neurons below the lesion over weeks to months. 16, 17, 31, 84 Replacement synaptic growth may originate from both spinal interneurons and from primary segmental afferents. 16, 17, [85] [86] [87] A postulated signal for new synaptic growth is the increase in NTs caudal to a SCI. BDNF, CNTF, and possibly NGF and NT-3 mRNA transcription peaks at several days post-SCI and then gradually wanes, with expression in neurons and glia. [58] [59] [60] [61] NTs are released by hypoactive spinal neurons and are thus candidates for a retrograde signal to induce new synapse growth by reflex afferents over a time-course of weeks to months. [87] [88] [89] [90] New synapse growth by dorsal root afferents can be blocked by intrathecal infusion of antibody to NGF 88 and enhanced by intrathecal infusion of other NTs. 90 Thus, NT-mediated synapse growth by primary segmental afferents in the isolated caudal spinal cord could possibly contribute to late developing spinal hyper-reflexia.
Viewed as a model for reflex recovery, human tibial H-reflex undergoes sequential changes caudal to spinal cord transection: (1) areflexia due to motoneuron hyperpolarization, (2) reflex re-emergence by 1-3 days due to neuronal transcription-translation yielding denervation supersenshivity, (3) increased reflex excitability at 2-4 weeks and increased latency at 1-4 weeks via disynaptic interneuron or axon-supplied synapse growth, and (4) increased reflex excitability at 3-4 months via primary afferent or soma-supplied synapse growth with less presynaptic inhibition and less H-reflex depression with repetitive stimulation. An axon-lengthdependent rate of synapse growth would explain the two phases of increased H-reflex excitability at 2-4 weeks and at 3-4 months. Axon-length-dependent rate of synapse growth would also explain the late appearance of extensor spasms and also interspecies differences in late return of the tibial H-reflex.
As stated above, human tibial H-reflex excitability increases after SCI during weeks 2-4 and then again during months 3-4 ( Figure 1) . The H-reflex latency also increases by 2-4 ms at 1-4 weeks and persists through the later reflex excitability increase at 3-4 months (Figure 1 ). The latter increase in H-reflex excitability is also associated with less presynaptic inhibition and less depression with repetitive stimulation. 91 Distinct mechanisms are probably responsible for the two phases of increased H-reflex excitability. One theory is that disynaptic stretch reflex pathways become preferentially hyperexcitable compared to the usual monosynaptic pathway from IA afferent to motoneuron; this could explain the persisting increase in H-reflex latency. Although the H-reflex and Achilles tendon reflex are traditionally considered monosynaptic reflexes, Burke et al 92 suggest that disynaptic input contributes as well. Thus, spinal cord interneurons conveying IA input may initially form new synapses at 2-4 weeks and the IA afferents may grow synapses later at 3-4 months. The longer time course for synapse growth by IA afferents than interneurons could be explained by greater axon length (ie the length of the S1 dorsal root from sensory neuron cell bodies in the S1 neuroforamina of the sacrum to S1 segmental axon terminations in the spinal cord at about the L1 vertebral level). A second theory is that there could be two periods of synapse growth: initial growth dependent on axonal synthesis and later growth dependent on somal synthesis with axonal transport.
Whether either or both of these two potential mechanisms contribute to changes in the human tibial H-reflex below a SCI is unclear. Sequential synapse growth by interneurons followed by growth by primary afferents readily explains the observed increase in Hreflex latency. Sequential synapse formation mediated Figure 1 H-reflex amplitude and latency changes after SCI. Tibial H-reflex amplitude (bottom-gray) and latency (topblack) are plotted versus day after SCI for four lower limbs in two subjects with traumatic complete paraplegia. Data from all four limbs were averaged for each time period. Amplitude was measured as H/M amplitude ratio and is shown as a percent difference from the mean H/M amplitude ratio measured from able-bodied subjects. H-reflex and M-response amplitudes were recorded at measured sites over the soleus muscle. Latency is shown as a difference in milliseconds from able-bodied subjects with comparable reflex length for H-M latency (ie latency of the tibial H-reflex minus the latency of the tibial M-response). Note that H-latency is subnormal on days 3-4 and then increases during weeks 2-4 as H-amplitude transiently increases; H-amplitude markedly increases during months 3-4. Such serial quantitative observations of the tibial H-reflex should be undertaken in a larger number of acute SCI subjects by axonal and then somal phases could result in increased H-reflex latency due to persisting slowed conduction in thinner, immature terminal branches. The second theory is favored by the fact that H-reflex depression with repetitive stimulation is less in chronic SCI persons (43 months post-SCI) compared to acute subjects. 93 This has been attributed to the maturing of terminal branches in chronic subjects. An additional advantage of the second theory is that an axon phase of synapse growth might serve a place-holding function, allowing the long-axoned neurons to, at least partially, compete with short-axoned neurons. It is also possible that both theories contribute to H-reflex changes in SCI patients.
Both theories require that the timing of synapse growth be axon-length-dependent. Axon growth and maintenance depend on fast and slow axonal transport of protein synthesized in the neuron soma. In the CNS, slow axonal transport rates range from 0.4 to 2 mm/ day. 94 If retrograde axonal transport of NTs (or other relay messengers) and anterograde axonal transport are required for most synapse growth, and if either or both involve slow transport, then axons of markedly differing length will achieve effective synapse growth at markedly differing rates. Of note, human S1 primary afferents have axon lengths of roughly 150 mm versus spinal interneurons with axon lengths of roughly 15 mm.
In comparison to somal-mediated growth, some synapse growth originates from protein synthesis in axon terminals -a 'distributed sprouting program'. [95] [96] [97] Growth cones have 500-1000 ribosomes that provide a low basal level of protein synthesis, but which yield a marked increase in local protein synthesis in response to NTs. Additional neurite extension could occur by the cannibalization of lipids and proteins from the proximal axon via the ubiquitin-proteosome pathway -that is, a localized redistribution of axonal membrane to allow compensatory synapse growth after CNS injury. New synapse growth by spinal reflex afferents mediating hyper-reflexia may occur initially via local axonal protein synthesis and local redistribution of axonal structural protein and then subsequently via somal protein synthesis with axonal transport of that protein.
Initial synapse growth allows place holding by long axons, which would otherwise not be able to compete with intrinsic spinal interneurons for vacant synaptic sites. Later, more robust synapse growth could be achieved via an increased amount of slow axonal transport, triggered by retrograde transport of second messengers (eg Ca 2 þ , InsP3, cAMP) or of endosomes containing neurotrophin-receptor complex (eg NGFTrkA, BDNF-TrkB, NT3-TrkC).
89,98-100 Such retrograde signals alter gene expression in the nucleus with increased mRNA transcription, increased protein synthesis, and increased amounts of slow axonal transport. 101 This increased amount of slow axonal transport would include both structural proteins (eg actin, tubulin) and assembled functional subunits (eg ion channel complexes, signaling complexes, etc.). 101 Axon-length-dependent rate of late synapse growth may also explain markedly differing late reflex changes across species and across differing spinal reflexes. Rat and cat tibial H-reflexes undergo late changes as in humans, except that this late phase is seen at 3-4 weeks in the rat, 102-104 at 4-6 weeks in the cat, 55 and at 12-16 weeks in the human. 105 Shorter-length IA axons in rats and cats would explain shorter times for late reflex change, presumably due to a dependence on retrograde signaling to the soma and slow anterograde axonal transport. Other observations suggest that the timing of late reflex changes relates to axon length. Hyperactive flexor reflexes yield flexor spasms by 1-3 months after SCI, whereas hyperactive stretch reflexes yield extensor spasms by 3-6 months 37, 105, 106 and interlimb hyperreflexia by 6-12 months; 107 spinal interneurons have shorter axon lengths than the long central processes of IA afferent axons and the long interlimb axons. In cats with spinal cord transection, the latest changes in cutaneomuscular hyper-reflexia also precede the latest changes in tibial H-reflex hyper-reflexia; 55 again, this suggests earlier synapse growth in short-axoned spinal interneurons relaying cutaneomuscular reflexes than in long-axoned Ia afferents relaying the tibial H-reflex.
Plateau potentials are an alternative neuronal mechanism to explain late hyper-reflexia. Low spinal cord transection at S2 in rat yields an areflexic tail that persists for 2 weeks; the tail then gradually becomes hyper-reflexic to both stretch and cutaneous stimuli. 108 Spinal motoneurons below a transection show lowthreshold, prolonged, self-sustained motor-unit firing (minutes to hours) in association with hyper-reflexia; this hyperexcitable motoneuron behavior is present by 30 days after cord transection in rats but not at 2 days. 23, 108 The late appearance of plateau potentials below SCI is proposed as a factor in late developing hyper-reflexia. Plateau potentials may result from synthesis of new ionic channels yielding recruitment of new voltage-activated calcium conductance. 109 Plateau potentials may contribute to late hyper-reflexia, but protracted synapse growth, dependent on slow axonal transport, perhaps better explains an axon-lengthdependent time-course of reflex changes.
Clinical implications of spinal shock
Competitive synapse growth and clinical outcomes Following SCI, new synapses may be formed by spinal interneurons, spinal reflex afferents, and spared supraspinal inputs. 17 The formation of new synapses could lead to both desirable and undesirable clinical effects. With significant sparing of descending motor input, descending axons can sprout, resulting in motor recovery. 110 If there is minimal sparing of descending motor input, growth of segmental reflex inputs might instead contribute to spasticity and less voluntary motor recovery. This would be compatible with the theory of competitive synapse growth underlying functional recovery and hyper-reflexia. 111 The quality of functional recovery would depend largely on the variety and number of descending motor axons spared. Preserved descending input after incomplete SCI allows some recovery of function, perhaps by the same neuronal mechanisms of denervation supersensitivity and synapse growth that allow the transition from areflexia to hyperreflexia.
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Both corticospinal inputs and IA afferents increase axon growth in response to the neurotrophin NT3. 90, [112] [113] [114] [115] [116] NTs like NT3, promoting both IA afferent and corticospinal neurite growth, could underlie competitive synapse growth. In subjects with chronic incomplete SCI and hyper-reflexia, motor neurons are often either under voluntary control or under reflex control; thus, either one or the other input comes to dominate control over a given motor neuron. In spastic muscles, these motor neurons may segregate into either reflex-controlled or voluntarily controlled. 107 SCI neuropathic pain may be another undesirable effect of new synapse growth by spinal afferents on pain relay neurons in the dorsal horn. 87, 117 Electrical activation promotes synaptic maturation and refinement of neural circuits. 118 Selected activity and accompanying electrical activation might, therefore, be a method for selecting desired synapse growth. Recovery of voluntary function below incomplete SCI is probably enhanced by activity in both animals 119 and humans. 120 Exercise can increase NT synthesis in neurons of the spinal cord (BDNF, NT-4) 121 and could be the molecular signal for such activity-dependent recovery. Functional recovery can occur with sprouting and synapse formation from spared descending motor axons. 110 This is accompanied by successful depolarization of lower motor neurons despite reduced numbers of descending motor axons. The key to optimizing recovery of voluntary movement may be correlated activity of descending input and postsynaptic neurons; 89 activity in descending inputs without correlated postsynaptic activity or vice versa may lead to weakening rather than strengthening of existing synapses.
The central pattern generator (CPG) in the lumbosacral spinal cord is a network of interneurons that facilitate the stereotypic, multijoint, rhythmic, and alternating movements involved in stepping. [122] [123] [124] The CPG allows coordinated treadmill locomotion in cats with a transected thoracic spinal cord. [125] [126] [127] In humans, gait training may promote synapse formation in the CPG. There is evidence in animals [125] [126] [127] [128] [129] and humans 120, [130] [131] [132] [133] [134] [135] [136] [137] that such an approach is beneficial. It is also of interest that training is specific in that animals trained to stand eventually weight bear on the hindlimbs but do not step; likewise, step training produces the opposite effect. A multi center trial to evaluate the efficacy of weight-supported gait training in humans is underway. Such training may be enhanced by medications such as the noradrenergic a-2-agonist clonidine. 138, 139 Functional electrical stimulation is an alternative method for stimulating specific synapses and neuron pools, therefore influencing spinal cord plasticity and performance. [140] [141] [142] Additional interventions that might enhance synapse formation by spared descending inputs include medications to increase excitability of spinal neurons (eg 5-HTP, clonidine, TRH, and theophylline), 54, [143] [144] [145] stimulants of axon growth (eg inosine), 146 stimulants of NT synthesis (eg clenbuterol), 147, 148 inhibitors of Nogo and related myelin glycoproteins that block longer-distance axon sprouting, 149 and agents that block the intracellular Rho pathway, which inhibits axon growth. 150 Adding these interventions in combination with exercise therapies might have a synergistic effect on activity-dependent synapse growth. This might also aid selective synapse growth by desired axon populations as specific NTs work on different groups of axons. 151 During the recovery period, clinicians must also strive to optimize conditions for new synapse growth, which includes optimizing nutrition, optimizing general health, and minimizing medication use that may compromise synapse growth. 152 In contrast to promoting synapse formation by descending motor pathways, an alternative approach is to inhibit synapse growth by segmental reflex inputs. Synapse growth by reflex afferents may interfere with synapse growth by descending motor pathways. In cats with a spinal hemisection, dorsal root projections extend into areas normally innervated by corticospinal, reticulospinal, rubrospinal, and vestibulospinal tracts. 17 Suppressing hyper-reflexia or minimizing its development may be necessary to optimize functional recovery. 111, 152, 153 Timing of potential interventions Competitive synapse growth has important implications for the timing of interventions. Following SCI, synaptic spaces are vacated by degenerating axons and later repopulated by new synapses from spared axons. Critical periods may be due to a transient period when many vacant synaptic sites are open to innervation by spared inputs. An intervention targeted at promoting synapse growth by axons mediating voluntary movement should be applied before available synapse space is occupied by synapses from local segmental neurons mediating spasticity and hyper-reflexia. The optimal timing likely differs between complete and incomplete SCI.
In complete SCI, any regenerating axons of descending motor pathways are at a disadvantage due to axon length. Soma-supported synapse growth in supraspinal axons, originating in brainstem or cerebral cortex, would be limited by slow axonal transport. Regenerating corticospinal or bulbospinal axons may need to regenerate significant distances to reach target populations of spinal neurons. Considerable success has been reported recently in promoting regeneration of supraspinal axons, by using Schwann cell endoneurial tubes or olfactory ensheathing cells or by blocking innate inhibitors of spinal axon regeneration. [149] [150] [151] However, for these regenerating axons to achieve sufficient functional synapses with spinal neurons, it may be necessary to inhibit undesirable synapse growth by segmental reflex inputs or it may be necessary to open up vacant synaptic sites as regenerating axons enter the caudal cord. Clinicians may need to 'destabilize' newly grown synapses by intrinsic spinal neurons to allow regenerating descending axons to establish new synapses. 11 This might be accomplished by using botulinum toxin or alcohol injected intramuscularly for 'somatic stripping' of synapses on motor neuron soma. 154 NT administration or in vivo synthesis may then be required to assure synapse formation by the regenerated axons.
For incomplete SCI, with significant axonal sparing, descending motor axons are present to compete with segmental reflex inputs. Marked species differences (human, monkey, cat, rat) have been observed in the time-course of functional recovery after incomplete SCI, as well as in the full appearance of spinal hyper-reflexia after complete SCI. 105, 111, 119, 155, 156 Traditionally, this was attributed to varying degrees of encephalization across species, but it may actually reflect the longer delay for soma-supported synapse growth in the human and monkey due to longer axons. The timing of acute rehabilitation should be targeted to optimize synapse growth by spared supraspinal inputs and to minimize interfering growth by segmental inputs. Functional desirable new synapse growth can then be reinforced and allowed to mature through soma-supported synapse growth. The utilization of growth factors as well as specialized training that selectively stimulates descending motor pathways might make this approach feasible.
Future research on spinal shock
The proposed model of spinal shock suggests several questions for clinician investigators: Can a quantitative clinical study of spinal reflexes from day 0 to day 365 post-SCI reveal more details of the underlying neuronal mechanisms, similar to Ko et al 7 but relying on quantitative measures? Is overshoot in spinal reflexes noted, as is expected if denervation supersensitivity overlaps with new synapse growth for several days, until supersensitivity wanes? 54, 111 Does the latest phase of hyper-reflexia for the patellar tendon reflex (L3 afferent, L3 efferent) precede the latest phase of hyper-reflexia for the Achilles tendon reflex (S1 afferent, S1 efferent) given that the axon length is much less for patellar than Achilles reflex? Studies to address these questions will help refine the proposed model of spinal shock or may suggest an alternative model.
Conclusion
Spinal shock has been known for over two centuries. Its hallmark is the transient suppression and gradual return of reflex activity caudal to SCI. Despite abiding interest by clinicians and physiologists, underlying neuronal mechanisms and clinical significance of spinal shock have remained controversial, until recently. With the exponential growth in new knowledge regarding postinjury spinal cord physiology comes an increased understanding of this complex clinical process. We present here a new paradigm for spinal shock consisting of four phases: (1) areflexia/hyporeflexia, (2) initial reflex return, (3) early hyper-reflexia, and (4) late hyperreflexia. It is increasingly apparent that spinal shock reflects underlying neuroplasticity after SCI. Denervation supersensitivity in partially denervated spinal neurons allows initial return of spinal reflexes by 1-3 days. Over subsequent weeks and months, reflex axons grow new synapses to mediate hyper-reflexia; the timecourse is protracted for full evolution of the hyperreflexia because the synapse growth appears to be, in part, axon-length-dependent. The synapse growth is also likely activity-dependent and competitive. Understanding these processes provides us with opportunities to modulate spinal cord plasticity, thereby enhancing desired outcomes while minimizing maladaptive responses. Herein is the true significance of spinal shock.
